Addiction is characterized by compulsive alcohol or drug taking and seeking, and the dorsal striatum has been implicated in such maladaptive persistent habits. The NMDA receptor (NMDAR), which is a major target of alcohol, is implicated in striatal-based habit learning. We found that, in the dorsal striatum, alcohol (ethanol) exposure produced an increase in the phosphorylation of the NR2B subunit of the NMDAR, and a corresponding increase in the activity of Fyn kinase, which phosphorylates NR2B. We further observed an ethanol-mediated long-term facilitation (LTF) of the activity of NR2B-containing NMDARs (NR2B-NMDARs) in the dorsal striatum. This LTF is Fyn kinase dependent, because it was observed in Fyn wild-type but not in Fyn knock-out mice. Importantly, none of these biochemical and physiological changes was observed in the ventral striatum. Finally, dorsal but not ventral striatum infusion of a Fyn or NR2B-NMDAR inhibitor reduced rat operant self-administration of ethanol. Our results suggest that the Fyn-mediated phosphorylation and LTF of NR2B-NMDAR activity in the dorsal striatum after exposure to ethanol may underlie aberrant plasticity that contributes to mechanisms underlying alcohol drinking behavior.
Introduction
The dorsal striatum, a brain region that controls movement (Graybiel et al., 1994) , has been implicated in mediating the formation of goal-directed responses and behavioral habits (Yin and Knowlton, 2006) . Animal and human studies in recent years suggest that addiction is a form of persistent habit that is controlled by the dorsal striatum (Berke and Hyman, 2000; Everitt and Robbins, 2005) . For example, cocaine-paired conditioned stimuli increase dopamine release in the dorsal striatum of rats trained extensively under a second-order schedule (Ito et al., 2002) . Infusion of a dopamine receptor antagonist into the dorsal striatum reduces cocaine seeking of rats under such a second-order schedule (Vanderschuren et al., 2005) . Finally, recent human imaging studies implicate increases in dopamine in the dorsal striatum in craving for cocaine (Volkow et al., 2006) . Together, these data suggest that the dorsal striatum plays a crucial role in habitual learning and memory processes that may underlie addictive phenotypes such as compulsive drug and alcohol administration.
The dorsal striatum has been suggested as a site of aberrant synaptic plasticity induced by exposure to drugs of abuse and ethanol (Gerdeman et al., 2003) . The NMDA receptor (NMDAR) has long been known to be crucial for the induction of synaptic plasticity (Malenka and Nicoll, 1999; Martin et al., 2000) , and the NMDAR is required for the induction of long-term potentiation (LTP) in the dorsal striatum (Calabresi et al., 1992; Partridge et al., 2000; Kerr and Wickens, 2001; Gerdeman et al., 2003) . The NMDAR is also important for learning and memory in the dorsal striatum. For example, intradorsal striatal injection of an NMDAR antagonist impairs memory of rats in a stimulus-response task (Packard and Teather, 1997) , and peripheral posttraining injection of a NMDAR antagonist also impairs such memories (Teather et al., 2001) .
The NMDAR is a major target of ethanol (Kumari and Ticku, 2000; Ron, 2004) , and this receptor has been implicated in ethanol-associated phenotypes such as tolerance, dependence, withdrawal, craving, and relapse (Krystal et al., 2003) . For example, NMDAR antagonists block the development of rapid tolerance to ethanol (Khanna et al., 1993) , decrease ethanol intake (Holter et al., 2000) , and reduce the intensity of ethanol withdrawal symptoms (Bisaga et al., 2000) . In addition, administration of a NMDAR antagonist decreases ethanol intake in a rodent relapse model (Holter et al., 2000) . However, the brain regions that produce these phenotypes are not well understood. The NMDAR consists of an obligatory NR1 subunit and NR2(A-D) subunits (Sucher et al., 1996) . The major NR2 subunits are NR2A and NR2B, and these subunits are expressed in the striatum (Kawakami et al., 2003) . NR2A-and NR2B-containing NMDARs possess different pharmacological properties (Cull-Candy and Leszkiewicz, 2004) . The NR2 subunits are phosphorylated by the Src family protein tyrosine kinases (PTKs) Fyn and Src (Salter and Kalia, 2004) , leading to upregulation of channel function (Salter and Kalia, 2004) . The actions of ethanol on the NMDAR are also regulated by phosphorylation of the subunits (Ron, 2004) .
Because the NMDAR plays a role in dorsal striatal learning and memory, and because the NMDAR is an important mediator of the actions of ethanol, we chose to determine whether, and how, ethanol exposure modulates NMDAR phosphorylation state and function in the dorsal striatum. We observed long-term facilitation (LTF) of NMDAR transmission in response to ethanol application in the dorsal striatum that was mediated by Fyn phosphorylation of the NR2B subunit of the receptor. Importantly, we provide data to suggest that this pathway contributes to dorsal striatal-mediated self-administration of ethanol.
Materials and Methods

Reagents
The polyclonal anti-NR2A and anti-NR2B antibodies and the monoclonal anti-Fyn and anti-RACK1 antibodies were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). The monoclonal antiphosphotyrosine antibodies were purchased from Transduction Laboratories (Lexington, KY). The monoclonal anti-Src antibodies were purchased from Upstate Biotechnologies (Lake Placid, NY). Polyclonal anti-[pY417/418]Fyn/Src antibodies were purchased from BioSource International (Camarillo, CA). The polyclonal anti-[pY1252]NR2B antibodies were generated as described previously (Takasu et al., 2002) . 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-D] pyrimidine (PP2) and 4-amino-7-phenylpyrazol[3,4-D] pyrimidine (PP3) were purchased from Calbiochem (La Jolla, CA). Protease inhibitor mixture was purchased from Roche (Basel, Switzerland). The phosphatase inhibitor mixture, picrotoxin, and sodium orthovanadate were purchased from Sigma (St. Louis, MO). 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo [f]quinoxaline-7-sulfonamide disodium salt (NBQX) and the NR2B-NMDAR inhibitors (␣R,␤S)-␣-(4-hydroxyphenyl)-␤-methyl-4-(phenylmethyl)-1-piperidinepropanol hydrochloride (Ro 25-6981) and ifenprodil were obtained from Tocris (Ellisville, MO).
Animals
Male Sprague Dawley rats (3-4 weeks of age) and male Long-Evans rats (350 -450 g at the time of surgery) were obtained from Harlan (Indianapolis, IN). Male C57BL/6 mice (5-7 weeks of age) were purchased from The Jackson Laboratory (Bar Harbor, ME). Generation of Fyn knock-out mice and their littermates has been described previously (Yaka et al., 2003c) . Briefly, mating pairs of Fyn Ϫ/Ϫ (C57BL/6;129) male and C57BL/6 female mice purchased from The Jackson Laboratory were used to generate Fyn Ϫ/Ϫ and Fyn ϩ/ϩ mice. Mouse genotypes were determined by PCR analysis of products derived from tail DNA and were used for experiments at 3-5 weeks of age. Animals used in these studies were housed under a 12 h light/dark cycle, with lights on at 7:00 A.M. and food and water available ad libitum. The electrophysiological and biochemical experiments were done in Sprague Dawley rats, whereas LongEvens rats were used for the behavioral experiments. Sprague Dawley rats are the most commonly used rats in electrophysiological and biochemical studies. Sprague Dawley rats are docile and have excellent reproductive performance and maternal characteristics. However, Long-Evans rats are more suitable for behavioral studies. Compared with pigmented Long-Evans rats, albino Sprague Dawley rats have poorer visual acuity (Prusky et al., 2002) , have poorer learning (Fregly and Rowland, 1992; Harker and Whishaw, 2002) , and have motor impairments (Whishaw et al., 2003) . Finally, Sprague Dawley rats do not drink appreciable amounts of unadulterated ethanol. In contrast, Long-Evans rats show a good range of ethanol intake (Khanna et al., 1990 ). All animal procedures in this report were approved by the Gallo Center Institutional Animal Care and Use Committee and were conducted in agreement with the Guide for the Care and Use of Laboratory Animals, National Research Council, 1996.
Preparation of slices and homogenates for biochemical analyses
Coronal slices (250 m) were dissected and maintained for at least 2 h in artificial CSF (aCSF) that contained the following (in mM): 126 NaCl, 1.2 KCl, 1.2 NaH 2 PO 4 , 0.01 MgCl 2 , 2.4 CaCl 2 , 18 NaHCO 3 , and 11 glucose, and saturated with 95% O 2 /5% CO 2 at 25°C. After recovery, slices were treated and homogenized in homogenization buffer that contained the following (in mM): 320 sucrose, 10 Tris-HCl, 10 EDTA, 10 EGTA, protease inhibitor mixture, and phosphatase inhibitor mixture, adjusted to pH 7.4. Homogenates were centrifuged at 5000 ϫ g for 3 min. The pellet was resuspended in solubilization buffer containing the following (in mM): 10 Tris-HCl, 10 EDTA, 10 EGTA, protease inhibitor mixture, and phosphatase inhibitor mixture, adjusted to pH 7.4, and including 1% Triton X-100 for phosphorylation assays or 1% deoxycholate for association assays.
Immunoprecipitation
Slice homogenates were precleared by incubation with protein G-agarose (Invitrogen, Carlsbad, CA) for 2 h at 4°C. The samples were centrifuged and protein quantity was determined using BCA (bicinchoninic acid) (Pierce, Rockford, IL). Immunoprecipitation was performed by combining 5 g of the appropriate antibody with ϳ0.5 mg of protein diluted in 1ϫ immunoprecipitation buffer, containing the following (in mM): 150 NaCl, 10 Tris-HCl, 1 EDTA, 1 EGTA, 1% Triton X-100, protease and phosphatase inhibitor mixtures, adjusted to pH 7.4. After overnight incubation at 4°C, protein G-agarose was added, and the mixture was incubated at 4°C for 2 h. The protein G was washed extensively, and pellets were resolved on a 10% SDS-PAGE gel.
Western blot analysis
Samples were separated by 4 -12% SDS-PAGE (Bis-Tris Gel system; Invitrogen) at 160 V for 60 min. Proteins were then transferred onto a nitrocellulose membrane (Millipore, Billerica, MA). Membranes were blocked in milk solution (5% milk, PBS, 0.05% Tween 20) and incubated with specific primary antibodies, followed by horseradish peroxidaseconjugated secondary antibodies. Immunoreactivity was detected by enhanced chemiluminescent reaction and processed using the Typhoon PhosphorImager (Amersham Biosciences, Piscataway, NJ). Results were quantified with ImageQuant 5.0 (Amersham Biosciences).
Electrophysiology
Striatal slices were prepared from rats and transgenic mice using techniques similar to those described previously (Ronesi et al., 2004) . Briefly, animals were anesthetized with halothane and decapitated as per University of California, San Francisco, animal care guidelines. Coronal sections of the striatum (250 -300 m) were cut with a vibratome (Leica, Nussloch, Germany) in an ice-cold cutting solution containing the following (in mM): 40 NaCl, 85 choline chloride, 4 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , 10 glucose, 1 sodium ascorbate, and 3 sodium pyruvate, saturated with 95% O 2 -5% CO 2 . Slices were then incubated in the same solution at 32°C for 45 min before transferring to a chamber at room temperature. This chamber contained a normal external solution composed of the following (in mM): 125 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgCl 2 , 1.25 NaH 2 PO 4 , 25 NaHCO 3 , and 10 glucose, saturated with 95% O 2 -5% CO 2 . For recordings of NMDAR-mediated synaptic transmission, picrotoxin (100 M), NBQX (10 M), and a low concentration of Mg 2ϩ (0.05 mM) were used in the external solution to block GABA A receptor (GABA A R)-mediated inhibitory synaptic transmission and AMPA/kainate receptor (AMPAR/KAR)-mediated excitatory synaptic transmission, and to release the Mg 2ϩ -dependent blockade of NMDAR activity, respectively. For recording of AMPAR-mediated synaptic transmission, picrotoxin (100 M) and a normal concentration of Mg 2ϩ (1.3 mM) were used in the external solution to block GABA A R-and NMDAR-mediated synaptic transmission, respectively. To isolate the process that is mediated solely via tyrosine phosphorylation, the experiments were conducted in the presence of the tyrosine phosphatase inhib-itor sodium orthovanadate (200 M). However, significant long-term facilitation of NMDAR-mediated synaptic transmission was also observed in the absence of the phosphatase inhibitor (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Slices were superfused at 3-4 ml/min, and cells were visualized using infrared differential interference contrast video microscopy (BX50WI; Olympus, Tokyo, Japan). Whole-cell voltage-clamp recordings were made using a MultiClamp 700A amplifier (Molecular Devices, Union City, CA). Electrodes (4 -6 M⍀) contained the following (in mM): 115 cesium methanesulfonate, 15 HEPES, 0.6 EGTA, 8 TEA-Cl, 4 MgATP, 0.3 NaGTP, and 7 Na 2 CrPO 4 , pH 7.2-7.3, with an osmolarity of 270 -280 mOsm. Series resistance and input resistance were monitored on-line. Stimulation of inputs to the striatum was achieved with tungsten bipolar electrodes (FHC, Bowdoinham, ME) that were placed in the dorsal or ventral striatum (the medial shell of the nucleus accumbens) and were used to stimulate excitatory afferents at 0.05 Hz. Neurons were voltage clamped at Ϫ70 mV. EPSCs were filtered at 2 kHz, digitized at 5-10 kHz, and collected on-line using pClamp 9 (Molecular Devices). After blockade of GABA A R by picrotoxin and of AMPA/KAR by NBQX, slow decaying EPSCs were recorded in a low Mg 2ϩ solution (see Fig. 2 A, inset). These EPSCs were abolished by the NMDAR antagonist APV (50 M) (data not shown), confirming that they were mediated by NMDARs.
Operant ethanol self-administration
The self-administration paradigm is as described previously (Jeanblanc et al., 2006) . Briefly, the rats were habituated to drink ethanol in their home cage using different solutions of 10% ethanol mixed with decreasing concentrations of sucrose (10, 5, and 0%). After 3 weeks, the rats started operant ethanol self-administration training. The selfadministration chambers contain two levers: an active lever, for which presses result in delivery of 0.1 ml of fluid reward (a 10% ethanol solution), and an inactive lever, for which responses are counted but no programmed events occur. After 4 d under a fixed ratio 1 (FR1) (one press delivers one reward), the rats were trained on a FR3 schedule (three presses are needed to receive one reward), 5 d a week in 60 min sessions. After 2 months, surgery to implant the cannulas was conducted.
Sucrose self-administration
Rats were initially trained under FR1 using 8% sucrose during two overnight sessions. Next, the FR schedule was progressively increased to FR3 and sucrose concentration was progressively decreased to 2%, 5 d a week in 60 min sessions.
Surgery and microinjection of PP2, PP3, and ifenprodil
Male Long-Evans rats (350 -450 g at the time of the surgery) were anesthetized continuously with isoflurane (Baxter Health Care Corporation, Deerfield, IL). Bilateral guide cannulas (C235G-2.0, 26 gauge; Plastics One, Roanoke, VA) were implanted into the dorsal striatum (1.0 mm anterior to bregma, 3.2 mm mediolateral, 3.7 mm ventral to the skull surface) or the ventral striatum (the shell of the nucleus accumbens, 1.6 mm anterior to bregma, 1.0 mm mediolateral, 4.0 mm ventral to the skull surface). One week after recovery, subjects returned to selfadministration training, and microinjections began when the acquisition or the reacquisition of a stable response was completed. Fifteen minutes before the self-administration test session, drug or vehicle was injected via an internal cannula extending 0.5 or 3.0 mm beyond the tip of the guide cannula in the dorsal and ventral striata. The volume infused with a Hamilton 25 l syringe (1702) was 1 l/side at a rate of 0.5 l/min, with the injectors kept in position in the cannulas for an additional 2 min. All subjects received each drug in a counterbalanced manner. Subjects received one injection per week. The doses used were 0.3, 1.5, and 3 ng/l (1, 5, and 10 M) for PP2, 1.5 ng/l (5 M) for PP3, and 0.5 g/l for ifenprodil. PP2, PP3, and ifenprodil were initially dissolved in DMSO and brought to final concentrations with PBS (final concentration of DMSO, Ͻ1%). Injection time and doses for PP2 and ifenprodil were based on previous studies (Rodrigues et al., 2001; Bain et al., 2003; Bevilaqua et al., 2005) . At the end of the experiments, rats' brains were collected and 75-m-thick slices made to check placement of cannulas. Only data from subjects with cannulas located in the region of interest were included in the analysis.
Statistical analysis
Biochemistry. Data are expressed as mean Ϯ SD and analyzed using onesample t test.
Electrophysiology. All data are expressed as mean Ϯ SEM, and statistical analyses were performed using one-way ANOVA unless otherwise stated.
Behavior. Data were analyzed by one-or two-way ANOVA with repeated measures, followed by the Student-Newman-Keuls test when indicated. Because the latency data to the first press and the first reward did not conform to a normal distribution, the analyses were conducted with the Friedman repeated-measures ANOVA on ranks.
Results
Exposure of dorsal striatal neurons to ethanol results in NR2B phosphorylation and Fyn activation
We first examined the phosphorylation state of the NR2A and NR2B subunits in dorsal striatal slices treated with and without ethanol. We observed that acute treatment of slices with ethanol increased tyrosine phosphorylation of the NR2B (Fig. 1 A) but not NR2A (Fig. 1 B) . Interestingly, the increase in NR2B phosphorylation was specific to the dorsal part of the striatum, because no change in the phosphorylation state of either subunit was observed in ventral striatal slices treated with ethanol ( Fig.  1 A, B) . We next tested whether the increase in NR2B phosphorylation in response to ethanol exposure corresponds with increased activity of Fyn and/or Src, the kinases responsible for phosphorylating the NR2 subunits (Salter and Kalia, 2004) . Fyn and Src are fully activated by autophosphorylation of tyrosine 417/418, respectively (Salter and Kalia, 2004) , and thus we measured kinase activity by detecting the phosphorylation levels at this site. We found that acute exposure of the dorsal striatum to ethanol results in increased activity of Fyn ex vivo ( Fig. 1C ) and in vivo (Fig. 1 D) . This increase in Fyn activity was observed in the dorsal but not ventral striatum (Fig. 1C) . However, no change in the activity of Src was detected in the absence or presence of ethanol in either brain region (Fig. 1 E) . Together, these data suggest that ethanol treatment results in a brain region-specific activation of a pathway that includes Fyn kinase and its substrate, the NR2B subunit of the NMDAR.
Next, we set out to identify a mechanism that may account, at least in part, for the brain region-specific actions of ethanol. Previously, we found that compartmentalization of Fyn to the NR2B subunit by the inhibitory scaffolding protein RACK1 can be detected in the hippocampus but not in the cortex (Yaka et al., 2002 (Yaka et al., , 2003b . We further showed that the localization of Fyn in close proximity to, or away from, the NMDAR is responsible for the difference in the sensitivity of the NMDAR to ethanol in these brain regions (Yaka et al., 2003b) . We, therefore, hypothesized that the subregion-specific association of Fyn with the NR2B subunit could be the molecular mechanism underlying the differences in the action of ethanol on the phosphorylation state of the NR2B subunit in the dorsal, but not ventral, striatum. To test this possibility, RACK1 was immunoprecipitated from the two subregions of the striatum, and the levels of coimmunoprecipitated Fyn and NR2B were determined. As shown in Figure 1 F, Fyn and NR2B coimmunoprecipitated with anti-RACK1 antibodies in the dorsal but not the ventral striatum. Furthermore, as previously reported in the hippocampus (Yaka et al., 2003b) , ethanol treatment resulted in the dissociation of Fyn from RACK1 ( Fig. 1 F) , enabling the kinase to phosphorylate the channel subunit. These results imply that the localization of Fyn near the NR2B subunit in the dorsal but not the ventral striatum underlies, at least in part, the actions of ethanol on the channel.
LTF of NMDAR-mediated synaptic transmission is induced after acute ethanol application in the dorsal but not the ventral striatum
Fyn-mediated phosphorylation of the NR2B subunit of the NMDAR leads to enhanced activity of the channel (Salter and Kalia, 2004 ). Therefore, we tested whether Fyn activation and NR2B phosphorylation in response to ethanol in the dorsal striatum alter NMDAR-mediated synaptic transmission. Bath application of ethanol resulted in a decrease in NMDAR-mediated EPSCs (NMDAR EPSCs) (Fig. 2 A) . This result is consistent with our previous studies showing that ethanol exerts an immediate depressive effect on NMDAR activity (Lovinger et al., 1989 (Lovinger et al., , 1990 . However, after ethanol washout, the NMDAR EPSCs gradually recovered and subsequently increased above baseline (Fig. 2 A) . This facilitation of NMDAR-mediated activity lasted for Ͼ30 min (Fig. 2 A) , and is thus named LTF. Together, these results show that LTF of NMDAR-mediated synaptic transmission is induced after acute ethanol application in the dorsal striatum.
Next, we examined the action of ethanol on NMDAR EPSCs in the ventral striatum, a brain region in which we did not observe Fyn activation or NR2B phosphorylation in response to ethanol ( Fig. 1 A, C) . We found that, similar to the dorsal striatum, the amplitude of NMDAR EPSC was reduced in the presence of ethanol; however, ethanol washout failed to induce LTF of the NMDAR EPSC (Fig. 2 B) . Finally, as shown in Figure 2 , C and D, Fyn activation and NR2B subunit phosphorylation in the dorsal but not ventral striatum were also detected after ethanol washout.
Ethanol-induced LTF in the dorsal striatum is mediated by NR2B-NMDARs and requires Fyn
The results above suggest that ethanol-induced long-lasting enhancement of channel activity in the dorsal striatum is attributable to Fyn-mediated phosphorylation of the NR2B subunit. If so, then the NR2B-containing NMDAR should mediate the induction of LTF of channel activity in response to ethanol. As expected, we found that the selective NR2B-NMDAR inhibitor, Ro 25-6981, abolished LTF induction (Fig. 3A) . In addition, perfusion of Ro 25-6981 resulted in the inhibition of ethanolmediated LTF when applied after the activity of the channel had been enhanced by ethanol washout (Fig. 3B) . To further confirm the conclusion that the LTF of NMDAR activity induced by ethanol exposure in the dorsal striatum is mediated by the NR2B-NMDAR, we reasoned the following; if LTF is mediated exclusively by the NR2B-NMDAR, but not by other NR2 subunitcontaining NMDARs (non-NR2B-NMDARs), then two predictions can be made: first, the amplitude of EPSCs in the presence of Ro 25-6981 (non-NR2B-NMDAR EPSCs) will be the same in recordings during the LTF period and without ethanol application; second, the ratio of NR2B-/non-NR2B-NMDAR EPSCs will be increased during the LTF of channel activity compared with the ratio before ethanol application. As expected, the amplitude of non-NR2B-NMDAR EPSCs did not change during the LTF of channel activity; however, the ratio of NR2B-/non-NR2B-NMDAR EPSCs was increased (Fig. 3B, bar graph) . Together, these results suggest that the amplitude of NR2B-containing, but not non-NR2B-containing, NMDAR EPSCs is increased after ethanol washout.
Next, we hypothesized that Fyn-mediated phosphorylation of NR2B is required for the development of LTF in response to ethanol. Therefore, we examined the contribution of Fyn to ethanol-mediated induction of LTF of NMDAR activity by testing the specific inhibitor of the Src family of PTKs, PP2. PP2 did not alter the magnitude (Fig. 4 A, C) , or the time course of acute ethanol inhibition of channel activity (Fig. 4 A) . However, no LTF was observed after ethanol exposure in slices treated with PP2 (Fig. 4 A, C) . To confirm that Fyn kinase is required for the induction of the prolonged enhancement of NMDAR activity in the dorsal striatum in response to ethanol, we compared the ethanolmediated induction of LTF in Fyn knock-out mice (Fyn Ϫ/Ϫ ) and their wild-type littermates (Fyn ϩ/ϩ ). Similar to the results obtained from rat dorsal striatal slices (Fig. 2 A) , we observed LTF after ethanol exposure in the dorsal striatum of Fyn ϩ/ϩ mice; however, no LTF was detected in Fyn Ϫ/Ϫ mice (Fig. 4 B, C) . These results suggest that Fyn kinase is required for ethanol-mediated induction of LTF in the dorsal striatum.
LTF of NMDAR-mediated synaptic transmission in the dorsal striatum is not accompanied by changes in the probability of transmitter release
Our results thus far suggest a postsynaptic mechanism for the enhancement of NMDAR activity in response to ethanol. To determine whether the facilitation of NMDAR EPSCs in the dorsal striatum also involves a presynaptic component, we examined Figure 2 . LTF of NMDAR EPSCs in the rat dorsal but not ventral striatum. A, Ethanolmediated induction of LTF in the dorsal striatum. Left, Time course of NMDAR EPSCs recorded before, during (15 min as indicated by the horizontal bar), and after 50 and 100 mM ethanol application. Note that the mean EPSC amplitude is facilitated after ethanol washout (n ϭ 15 slices). The inset shows sample traces at times 1, 2, and 3. The stimulus artifacts have been omitted for clarity. Calibration: 100 ms, 100 pA. Middle, Same as left, but with 50 mM ethanol. Right, Bar graph comparing the direct (EtOH) and washout (post-EtOH) effects of different concentrations of ethanol on NMDAR EPSCs. EPSCs were averaged from 10 -14 min after ethanol application (EtOH), and from 21-30 min after ethanol washout (post-EtOH).
# p Ͻ 0.01, *p Ͻ 0.05 versus baseline (average of EPSCs over the 10 min before ethanol application) by paired Student's t test; ## p Ͻ 0.05. B, Ethanol failed to induce LTF in the ventral striatum. Left, Time course of NMDAR EPSCs recorded in the ventral striatum before, during, and after 100 mM ethanol application. Note that, on average, no LTF was observed (n ϭ 14 slices). Right, Bar graph comparing the ethanol (100 mM) effect on mean NMDAR EPSCs in the dorsal (same data as A, left) and the ventral (same data as B, left) striatum.
# p Ͻ 0.01, *p Ͻ 0.05 versus baseline; **p Ͻ 0.05. C, Sustained NR2B subunit phosphorylation after ethanol washout in the dorsal striatum. Dorsal or ventral striatal slices were treated with 100 mM ethanol for 20 min. The slices were homogenized and the NR2B subunit was immunoprecipitated. Phosphorylation of the NR2B subunit was detected by anti-[pY1252]NR2B antibodies (pY; top). The membrane was stripped and reprobed with anti-NR2B antibodies (bottom). The image is representative of three independent experiments. Quantification of the level of pYNR2B (p-NR2B) to total immunoprecipitated NR2B subunits is shown. *p Ͻ 0.05, **p Ͻ 0.01 versus control; n ϭ 3 experiments, two rats per experiment. D, Sustained activation of Fyn activity after ethanol washout in the dorsal striatum. Dorsal or ventral striatal slices were treated with 100 mM ethanol for 15 min. Ethanol was removed, and fresh aCSF was added for 10 min. The slices were homogenized, and EPSCs before ethanol application and after LTF is established. The non-NR2B EPSC was defined as the EPSC in the presence of Ro 25-6981, whereas the NR2B EPSC was calculated as the difference between the EPSCs before and after Ro 25-6981 application. Note that the ratio of NR2B/non-NR2B EPSCs is increased in LTF compared with pre-EtOH. *p Ͻ 0.05. paired-pulse (100 ms interpulse interval) ratios (PPRs) (Zucker and Regehr, 2002) of NMDAR EPSCs before ethanol application and after LTF had been established. There was no difference between PPRs of NMDAR EPSCs before ethanol application and after LTF was established (Fig. 5A3,A4,B) . This result suggests that the probability of transmitter release is not altered during LTF of NMDAR EPSCs in the dorsal striatum. To further confirm this conclusion, we compared PPRs of AMPAR-mediated EPSCs before and after ethanol application. We found that there was no significant difference between PPRs of AMPAR EPSCs before and after ethanol application (Fig. 5C,D) . In addition, ethanol treatment did not induce LTF of AMPAR EPSCs after washout of acute ethanol application (the mean amplitude of AMPAR EPSCs 21-30 min after ethanol washout is 95.9 Ϯ 13.0% of baseline; p Ͼ 0.05; n ϭ 6 slices). Therefore, an increase in the probability of glutamate release does not contribute to the long-term enhancement of NMDAR activity after ethanol washout.
Dorsal striatal inhibition of Src family PTKs or NR2B-NMDAR attenuates operant ethanol self-administration
Finally, we investigated possible behavioral consequences of Fynmediated long-lasting enhancement of NR2B-NMDAR activity. To do so, we microinjected the Src family PTKs inhibitor PP2 and the NR2B-NMDAR antagonist ifenprodil into the dorsal striatum of rats trained to self-administer ethanol. We found that intradorsal striatal infusion of PP2, but not its inactive analog PP3, significantly reduced operant self-administration of ethanol (Fig. 6 A) . Similarly, inhibition of NR2B-NMDARs in the dorsal striatum with ifenprodil attenuated ethanol self-administration (Fig. 6 A) .
We further analyzed the data by assessing the mean distribution of active lever press responding as a function of session time after each treatment. The latencies to the first press and to the first reward after PP2 and ifenprodil treatments were not different from that of the first press after vehicle administration ( p ϭ 0.87 and 0.77 by the Friedman test for PP2 and ifenprodil, respectively) (data not shown). Additional analysis of cumulative active lever press responding within the test session showed that the decreases in responding induced by PP2 and ifenprodil treatment are not significant until 15-20 min after the beginning of the session (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Hence, PP2 and ifenprodil do not alter initiation of ethanol self-administration; the decrease in behavior occurs after a period of reinforced responding. We also found that the distribution of interresponse intervals was similar for vehicle, PP2 (1.5 ng) and ifenprodil (no effect of treatment, F (3,599) ϭ 0.73, p ϭ 0.54; and no interaction between treatment and time interval, F (60,599) ϭ 0.93, p ϭ 0.62) (Fig. 6 B) . Most importantly, no change in the proportion of fast responses (interresponse intervals of Ͻ1.0 s) was observed ( p values Ͼ 0.355). These results indicate that the effects of intradorsal striatal infusion of PP2 or ifenprodil on operant self-administration of ethanol are not attributable to inhibition of locomotor activity. To determine the specificity of PP2 and the effects of ifenprodil, we examined their ability to attenuate self-administration of another rewarding substrate, sucrose. As shown in Figure 6C , intradorsal striatal microinjection of PP2 or ifenprodil did not alter selfadministration of sucrose. Finally, we determined whether an effective dose of PP2 and ifenprodil microinjected into the ventral striatum attenuates ethanol self-administration. The ventral striatum is a brain region in which Fyn activity and NR2B subunit phosphorylation were not altered in response to ethanol, and LTF was not observed. As shown in Figure 6 D, intraventral striatal infusion of PP2 or ifenprodil did not affect operant selfadministration of ethanol.
Discussion
Here, we present data to suggest that the tyrosine kinase Fyn and its substrate the NR2B subunit of the NMDAR are part of a signaling pathway that is specifically activated in the dorsal striatum during ethanol exposure and contributes to the molecular mechanisms underlying the maintenance of ethanol selfadministration. Specifically, we show that exposure of dorsal striatal neurons to ethanol leads to Fyn activation and phosphorylation of the NR2B subunit. We further provide evidence to suggest that Fyn-mediated phosphorylation of NR2B results in LTF of NR2B-NMDAR EPSCs. Finally, we show that inhibition of Src family tyrosine kinases and NR2B-containing NMDARs attenuates operant self-administration of ethanol.
An important finding that stems from our study is the specificity of the actions of ethanol. We observed that Fyn, but not its highly homologous family member Src, was activated in response to ethanol. This led to the specific phosphorylation of the NR2B, but not the NR2A, subunit of the NMDAR, and to the prolonged enhancement of NR2B-NMDAR. Importantly, none of these effects were observed in the structurally related ventral striatum. Our data suggest that the molecular difference in response to ethanol between these two striatal subregions may be attributable to the differences in the compartmentalization of Fyn near (dorsal striatum) or away from (ventral striatum) the NMDAR complex. Signaling differences in brain regions have been previously reported. For instance, differences in the cholesterol levels in the cortex and hippocampus are suggested to underlie greater outgrowth in cortical neurons than in hippocampal neurons (Ko et al., 2005) , and we previously reported that the compartmentalization of Fyn underlies, at least in part, the differences in the actions of ethanol in the hippocampus versus the cortex (Yaka et al., 2003b) . Some differences are also found between the dorsal and the ventral striatum. For example, chronic morphine administration increases the activity of extracellular signal-regulated protein kinases (ERKs) in the dorsal but not the ventral striatum, although the level of total ERKs is higher in the ventral than in the dorsal striatum (Ortiz et al., 1995) . In addition, increased Ca 2ϩ influx through NMDARs and L-type Ca 2ϩ channels leads to robust cAMP response element-binding protein (CREB) phosphorylation in the dorsal striatum, but only to low or moderate CREB phosphorylation in the ventral striatum (Liu and Graybiel, 1998) . Finally, the acute effects of dopamine on glutamatergic transmission are different in the dorsal versus the ventral striatum. In the ventral striatum, dopamine inhibits such transmission at low frequencies of afferent activation via activation of the dopamine D 1 receptor (Nicola et al., 2000) , whereas in the dorsal striatum, inhibition involves the dopamine D 2 receptors, and is mainly observed at higher frequencies of afferent activation (Bamford et al., 2004; Yin and Lovinger, 2006) .
We observed a long-term enhancement of NR2B-NMDAR activity after ethanol washout. This result is consistent with other long-lasting effects of ethanol on NMDARs reported in acute spinal cord slices (Li et al., 2005) . This finding also resembles the enhancement in NMDAR-mediated currents we recently observed in the ventral tegmental area after washout of cocaine (Schilstrom et al., 2006) . However, we previously observed that, in the hippocampus, ethanol washout resulted in a rebound potentiation of NMDAR activity that rapidly decayed to baseline (Yaka et al., 2003b) . This difference might be attributable to the fact that the NR2B subunit is the primary NMDAR subunit in the dorsal striatum, whereas hippocampal neurons express a greater proportion of non-NR2B-NMDARs (Kawakami et al., 2003) . It is also plausible, however, that other, yet unidentified molecular differences, such as differences in expression and/or activity of tyrosine phosphatases that regulate the phosphorylation state and activity of Fyn and the NR2 subunits (Braithwaite et al., 2006) , underlie the variation in the decay time of NMDAR activity after ethanol washout in these brain regions.
Our results suggest that Fyn-mediated NR2B subunit phosphorylation underlies the LTF in NMDAR activity in response to ethanol. How does tyrosine phosphorylation of NMDARs induced by ethanol facilitate NMDAR activity? First, tyrosine phosphorylation of NMDARs is reported to enhance gating of NMDAR channels (Salter and Kalia, 2004) . Second, tyrosine phosphorylation of NMDARs induced by ethanol may facilitate the trafficking of NMDARs from the internal pool to the cell membrane, thereby increasing NMDAR function (Dunah et al., 2004) . Finally, it is possible that the initial increase in channel activity requires Fyn, whereas the maintenance of NMDAR EPSC facilitation may be mediated by other signaling pathways, such as autonomous activation of enzymes like the CaM kinase II (calciumdependent calcium calmodulin kinase II) (Bayer et al., 2001 ).
An important implication of our current findings is that facilitation of NMDAR activity by ethanol may produce aberrant synaptic plasticity in the dorsal striatum. The long-term potentiation of AMPAR-mediated synaptic transmission (AMPAR LTP) in the dorsal striatum is reported to be NMDAR dependent (Calabresi et al., 1992; Partridge et al., 2000; Kerr and Wickens, 2001) , and the NR2B-NMDARs have been reported to be involved in AMPAR LTP in the hippocampus (Barria and Malinow, 2005) . Therefore, it will be of great interest to determine whether LTF of NMDAR activity by ethanol facilitates the induction of AMPAR LTP in the dorsal striatum.
Importantly, we present evidence to suggest that the same signaling pathway in the dorsal striatum responsible for LTF of NMDAR EPSCs also contributes to the mechanism that underlies operant self-administration of ethanol. Although PP2 inhibits all members of the Src PTKs, and we cannot exclude the possibility that the behavior was mediated by another Src PTK, this is unlikely because we did not detect activation of Src in the dorsal striatum on ethanol exposure, and moreover, our previous study suggested that Src activity is inhibited in the presence of ethanol (Suvarna et al., 2005) . Furthermore, the LTF of NR2B-NMDAR activity was abolished in the Fyn Ϫ/Ϫ mice, suggesting that Fyn is necessary for the process. Finally, inhibition of Src PTKs or NR2B-NMDARs did not alter operant self-administration of ethanol when the inhibitors were injected into the ventral striatum, suggesting a specific contribution of the dorsal striatum to ethanol drinking behavior via Fyn and NR2B-NMDAR.
The dorsal striatum is responsible for movement control ( Graybiel et al., 1994) ; however, it is unlikely that the decrease in ethanol selfadministration can be explained by changes in locomotor activity. First, there was no effect of PP2 or ifenprodil on the latencies to the first press and to the first reward. Second, we found no effect of PP2 or ifenprodil on the interresponse interval distribution, indicating that the local response rates were not changed by the treatments. Third, effective doses of PP2 and ifenprodil did not alter self-administration of a natural reward (i.e., sucrose). Hence, PP2-and ifenprodil-treated subjects were not impaired in the initiation and production of lever press responding. It is possible that infusion of PP2 or infenprodil into the dorsal striatum reduces operant ethanol self-administration via one or both of the following mechanisms. First, it is possible that the training process of operant ethanol self-administration (60 min a day and 5 d a week for 2 months) increases the basal level of Fyn and NR2B-NMDAR activities. Such a sustained change in Fyn activity in turn may lead to a higher basal level of NR2B phosphorylation and PP2 and ifenprodil therefore may inhibit the increased basal level of NR2B-NMDAR activity. To test this possibility, we measured the effect of PP2 on basal level of NMDAR EPSCs and after ethanolmediated LTF of NMDAR activity was established. We found that PP2 did not alter basal NMDAR EPSCs within 30 min (data not shown). This result is consistent with previous studies (Kim et al., 2002; Lin et al., 2003; Yaka, 2003a) . However, we found that the average NMDAR EPSC was slightly decreased starting 10 min after PP2 application (data not shown). A one-way ANOVA conducted on the time after PP2 application showed a marginal effect (F (7,203) ϭ 1.48; p ϭ 0.06; n ϭ 8). Together, these results suggest that PP2 might decrease channel function when the activity has already been elevated. However, because the reduction of NMDAR EPSCs when PP2 was applied after the establishment of LTF was only partial, it is possible that Fyn is essential for the initiation of LTF but less for its maintenance. Second, it is possible that the infusion of PP2 or ifenprodil attenuates operant self-administration of ethanol by preventing ethanol-mediated LTF induction in the dorsal striatum. According to this model, in rats infused with vehicle or PP3 infusion, LTF is induced during the test session, and LTF is required for operant self-administration of ethanol. In rats infused with PP2 or ifenprodil, LTF induction is inhibited and operant ethanol self-administration is thus reduced. This possibility is supported by the delayed onset of action of PP2 and ifenprodil during the test session, such that the subject experiences a considerable number of ethanol-reinforced responses before responding diminishes.
It is notable that experimental evidence to support an important role for the dorsal striatum in drug and alcohol-selfadministration is accruing (McGough et al., 2004; Vanderschuren et al., 2005; Jeanblanc et al., 2006) . For example, we recently found that ethanol-induced activation of the BDNF signaling pathway occurs selectively in the dorsal striatum, and may also contribute to the regulation of ethanol consumption (McGough et al., 2004; Jeanblanc et al., 2006) . In humans, long-term use of alcohol may lead to development of addictive phenotypes such as repeated, uncontrolled ethanol consumption regardless of the consequences (Kosten and O'Connor, 2003) . It has been suggested that prolonged drug experience leads to the development of persistent forms of habit learning (Deroche-Gamonet et al., 2004; Vanderschuren and Everitt, 2004) , which most likely depend on the dorsal striatum (Everitt and Robbins, 2005; Vanderschuren et al., 2005; Dang et al., 2006) . It is possible therefore that the mechanism described here contributes to the development of such maladaptive habits.
In summary, we have shown that exposure of the dorsal striatum to ethanol leads to LTF of NMDAR activity after ethanol Figure 6 . A, Intradorsal striatal injections of PP2 and ifenprodil attenuate operant ethanol self-administration. PP2 (0.3, 1.5, and 3 ng; equivalent to 1, 5, and 10 M, respectively), PP3 (1.5 ng), and ifenprodil (0.5 g) were microinjected (1 l/side) into the dorsal striatum 15 min before the beginning of the test session. Data are expressed as mean Ϯ SEM of number of lever presses in 1 h (n ϭ 11 rats). A two-way ANOVA with repeated measures (active vs inactive lever as the first factor and treatment as the second factor) found significant main effects and a significant interaction between both factors (F values Ͼ 4.55; p values Ͻ 0.01). Post hoc comparisons revealed significantly reduced active lever responding after 1.5 and 3 ng PP2 and ifenprodil, compared with those after vehicle, 0.3 ng PP2, and PP3 ( p values Ͻ 0.01); PP2 and ifenprodil did not change inactive lever responding ( p values Ͼ 0.89), *p Ͻ 0.01, **p Ͻ 0.001. Mean ethanol intakes were 0.48 Ϯ 0.06 g/kg for vehicle, 0.46 Ϯ 0.08, 0.31 Ϯ 0.05 and 0.31 Ϯ 0.05 g/kg, respectively, for the doses of 0.3, 1.5, and 3 ng of PP2, 0.46 Ϯ 0.07 for PP3, and 0.34 Ϯ 0.07 for ifenprodil. B, Intradorsal striatal injection of PP2 or ifenprodil does not change the distribution of interresponse intervals. Mean Ϯ SEM of the relative number of interresponse intervals (IRIs) (expressed as the percentage of total IRIs) with all intervals Յ20 s presented in 1 s time bins, as well as the percentage of IRIs that were Ͼ20 s (n ϭ 11 rats). A two-way ANOVA with repeated measures (time interval as the first factor and treatment as the second factor) found a significant effect of the time interval (F (60,599) ϭ 48.61; p Ͻ 0.001), but no effect of treatment and no interaction (F values Ͻ 0.93; p values Ͼ 0.54). C, Intradorsal striatal injection of PP2 (1.5 ng) or ifenprodil (0.5 g) does not attenuate operant sucrose self-administration. A two-way ANOVA with repeated measures found a significant effect of lever (F (1,26) ϭ 82.41; p Ͻ 0.001), but no effect of treatment and no interaction (F values Ͻ 0.55; p Ͼ 0.59); n ϭ 14 rats. D, Infusion of an effective dose of PP2 (1.5 ng) or ifenprodil (0.5 g) into the ventral striatum does not reduce operant ethanol self-administration. A two-way ANOVA with repeated measures found a significant effect of lever (F (1,12) ϭ 36.67; p Ͻ .001), but no effect of treatment and no interaction (F values Ͻ 0.46; p Ͼ 0.64); n ϭ 7 rats.
washout via Fyn phosphorylation of the NR2B subunit of the NMDAR. Our results further suggest that Fyn and NR2B-NMDARs contribute to mechanisms that underlie operant ethanol self-administration. Therefore, this facilitation of the NR2B-NMDAR in the dorsal striatum may underlie the rapid adaptive responses of animals and humans to alcohol challenge, and may be an important mechanism leading to the habitual and compulsive alcohol seeking and taking that characterize addiction. Furthermore, a specific inhibitor of Fyn activation in the dorsal striatum could be developed as a drug to treat adverse effects of alcohol exposure, including the development of excessive alcohol intake.
